Directed manipulation of nanomaterials has significant implications in the field of nanorobotics, nanobiotechnology, microfluidics and directed assembly. With the goal of highly controllable nanomaterial manipulation in mind, we present a technique for the near-surface manoeuvering of magnetic nanorod swimmers and its application to controlled micromanipulation. We fabricate magnetic Janus nanorods and show that the magnetic rotation of these nanorods near a floor results in predictable translational motion. The nanorod plane of rotation is nearly parallel to the floor, the angle between rod tilt and floor being expressed by θ , where 0
Introduction
Producing micro-and nano-scale machines capable of directed locomotion and payload manipulation is a principal goal of nanotechnology [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Specifically, micro-and nanoscale motors and machines capable of directed locomotion and payload manipulation in a variety of low Reynolds number (low-Re) solutions hold potential for manipulating and assembling objects at the nano-scale by making use of hydrodynamic methods of self-propulsion [13] [14] [15] [16] [17] [18] [19] [20] .
Magnetically driven devices capable of being guided by externally applied magnetic fields [17, 21] are particularly useful, as these micro-objects can perform complex manoeuvers without carrying any onboard fuel [18, 20, 22] . Swimming in a low Reynolds number environment requires a mechanism which breaks the symmetry of the swimmer's motion [23, 24] . Many different types of swimmers have been proposed and demonstrated, such as three-bead swimmers [23, 25, 26] , rotating helices [14, 17] , linked-bead swimmers [21] , flexible magnetic filaments [27, 28] and membranes [29] .
Most recently, assemblies of micrometre-sized magnetic beads have been rotated near a wall in an end-over-end fashion; the hydrodynamic conditions of the sphere near the wall break the symmetry of the rotation and result in a net translation of the micro-object [16, 18, 22, 20] . Additionally, Zhang et al rotated solid Ni nanorods in a plane perpendicular to the floor surface and observed crawling motion [15] . Significantly, all crawling mechanisms demonstrated to date rotate the beads or rods in a plane oriented perpendicularly to the hydrodynamically relevant surface (floor). In this work we present a simple, efficient method for the fabrication and manipulation of nanorod swimmers which operate via rotation in a plane nearly parallel to the floor, sweeping out a large area in a nearly horizontal plane. This is the first demonstration of high-aspect-ratio hydrodynamic swimming for which the long axis of the nano-object lies nearly parallel to the floor.
We implement this method of translation using magnetic Janus nanorods. Janus nano-and micro-scale particles are unique in that they embody some form of surface anisotropy. The term (named after the god in Roman mythology who possessed two faces) was originally coined by Casagrande and Veyssie [30] and is typically used to describe particles having two sides which differ in some interfacial manner. Previous work has successfully used template-directed electrodeposition to create nanorods with a diverse array of compositions along their lengths [31] [32] [33] [34] [35] . Additionally, Qin et al developed a technique for modifying rods along the rod radius for single-molecule electrical measurements [36, 37] , catalytically driven nanorotors [38, 39] and nanodisc barcodes [40] . In this study, we fabricate magnetic Janus nanorods through a two-step process of templated electrodeposition (Au nanorod growth) and postgrowth thermal evaporation of magnetic layers (Ni or Ni-Pd). Although solid magnetic rods will exhibit similar crawling behaviour, these magnetic Janus rods enable the additional benefit of regio-specific chemical functionalization due to the possibility of having, on a single nanorod, two or more exposed metals for surface functionalization. We selectively functionalize exposed Au regions with dangling thiol bonds to approach, capture and manoeuver AuPdcoated 1 µm polystyrene (PS) spheres. Additionally, we incubate magnetic Janus rods with human bronchial epithelial cells (HBE-16) and successfully manipulate these cells via rotational manoeuvering using individual rods. This work represents the first demonstration of magnetically responsive Janus nanorods, implements these rods as near-surface nanoswimmers capable of payload capture and manipulation, and models the swimming action mechanism using resistive force theory.
Experimental section

Janus nanorod fabrication
Template-based techniques for fabricating nanorods and nanotubes have been described elsewhere [35, 41, 42] . Briefly, we form Au nanorods by electrodeposition into the pores of commercially available Whatman anodized aluminium oxide (AAO) templates with nominal pore diameters of 200 nm. Templates are prepared by thermal evaporation of a Ag working electrode (450 nm thickness) onto one side of the template. Following this, templates are placed in a custom-made electrodeposition cell and deposition is performed using a standard three-electrode setup (Pt auxiliary electrode, Ag/AgCl reference electrode, thermally evaporated Ag working electrode). For this work, Au nanorods are grown to a length of approximately 5.5 µm; however, the technique we present is amenable to a wide variety of rod dimensions and compositions. Following rod electrodeposition, the Ag working electrode is etched in HNO 3 and the rods are released from the template via AAO dissolution in 1M NaOH. Released nanorods are rinsed 5 times in ethanol via sonication and gentle centrifugation, then dispersed in ethanol at a concentration of approximately 2.5 × 10 7 rods ml −1 (based on calculations of template pore density and deposition surface area).
Janus layer formation is performed via the thermal evaporation process shown in figure 1(a) . A Si substrate is prepared with a Cr adhesion layer and Au nanorods are deposited onto it. Thermal evaporation is then used to deposit a 50 nm Ni film and a 15 nm Pd film. The total thickness of these layers is limited to roughly half the nanorod diameter to avoid total encapsulation of the rods. In the current experiments, Ni-Pd layers are used due to the high susceptibility of thermally evaporated Ni layers and their resistance to oxidation and chemical dissolution. Bead capture experiments (discussed later) are performed using only Ni Janus layers. Significantly, this technique is amenable to engineering the deposited layers with respect to composition, thickness and sequence ordering. We found similar results, for example, with Ni-Cu layers. Finally, the substrate is sonicated for 10 s at 12 W in isopropanol (IPA), causing the partially coated (Janus) Au rods to be removed from the surface and dispersed in solution. Scanning electron microscopy of the substrate surface after a partial removal of Janus nanorods is shown in figure 1(b) . Voids left in the Ni-Pd thin film indicate the positions of nanorods that have been removed into solution, each rod now possessing a partial magnetic coating.
Nanorod manipulation
In order to collect video data of Janus nanorod manipulation, we dilute ∼1 × 10 7 rods in 20 ml of 1 : 1 deionized water and isopropanol. Cylindrical sample chambers are fabricated from polydimethylsiloxane (PDMS) sealed to a glass slide. For magnetic manipulation, we deposit rods into PDMS sample wells and place cover glass on top of the sample chamber to minimize fluid motion due to evaporation. We observe Janus rod manipulations using an inverted transmission optical microscope with a 50× air objective (Nikon). Video data are collected at 60 or 120 frames per second using a Pulnix PTM-6710CL camera and in-house video capture software (a schematic of the microscope setup is included in the supporting information, figure SI1 (stacks.iop.org/JPhysD/44/125001/mmedia)).
Magnetic Janus nanorods are actuated via a NdFeB rectangular magnet (K&J Magnetics, Jamison, Pennsylvania). This magnet is attached to a Barber-Colman inline gear motor driven by a constant external voltage source and positioned above the sample plane (see supporting information). The magnet is positioned such that the field strength at the sample plane is ∼30 G and the field direction is nearly parallel to the sample floor. The magnet is then rotated such that the field at the sample rotates in a plane nearly parallel to the floor, but tilted by some small angle θ . Motor drive voltage is varied to control the angular velocity of the magnetic Janus rods. Video tracking is performed via in-house software [43] to determine both angular and translational velocity. The magnet and rotating Janus rods have identical angular velocities, as evidenced by analysis of video data.
Results and discussion
Magnetic Janus nanorods
Direct transmission electron microscopy confirms the presence of the deposited layer on individual rods compared with untreated Au nanorod material (figures 1(c) and (d)). Approximately 60% of each nanorod's surface area (excluding rod faces) is covered by the deposited Ni-Pd layer. These rods exhibit ferromagnetic behaviour.
Rotation induces translation near a floor
While magnetic field gradients can be used to apply forces via passive translation (motion is exclusively in-plane translation), rotational manipulation is an active mode of translation during which rotation around some object axis produces in-plane translation. By rotating a magnetic field above Janus nanorods in solution and observing nanorods near the floor we observe two distinct modes of transport. A less stable, less frequently observed mode of locomotion relies on repeated, end-overend rod tip friction interactions with the glass surface. During these interactions, direct contact between the rod tip and the glass substrate results in frictional forces which fix the tip at a specific substrate location. The field-aligning behaviour of the rod drives the bulk of the rod to pivot around the tipsubstrate pivot point. For our magnetic Janus nanorods this 'walking' behaviour (figures 2(d)-(f )) is frequently shortlived (∼2-4 rod pivots, which we define as 'steps') and is terminated by irreversible adhesion to the glass surface. Single steps of this walking motion occur at discrete increments of nanorod length. Consequently, this mode of translation offers only low spatial resolution for nanorod positioning, with location being controllable by integer values of rod length. Detailed discussions of walking motion can be found elsewhere [44] [45] [46] .
More commonly we observe 'crawling' motion (figures 2(a)-(c)) which is not dominated by tip-surface interactions, but propels the nanorod in incremental steps much smaller than the rod length. Like the walking mechanism, crawling also relies on near-surface friction in that the increased drag in the no-slip boundary near the substrate surface is directly responsible for the rod propulsion as it rotates. A small tilt out-of-plane results in symmetry-breaking, as the end of the rod which sweeps closer to the floor experiences an enhanced drag coefficient relative to the other half of the rod; the result is a net translation in a plane parallel to the floor. For clarification, it should be noted that there are three relevant planes for the motion we describe: (p1) the plane of the floor surface, (p2) the plane of nanorod translation (above and parallel to plane p1) and (p3) the plane in which the rod rotates (tilted by θ from planes p1 and p2, with 0
• < θ < 20 • ). We later model this propulsion effect in detail. Because nanorod crawling relies on fluidmediated frictional forces between the rod and the surface (as opposed to direct contact), the translational motion is incremental and has an individual crawl length (the distance travelled in one rod rotation) only a fraction of the rod length. These nanorod crawlers remain suspended above the sample floor due to electrostatic repulsive interactions between the ionic double layer around the rods and the negatively charged substrate; they can be actuated for tens of minutes without undergoing irreversible rod-substrate interactions. A video of each type of motion is available online as supporting information (video 1 (stacks.iop.org/JPhysD/44/125001/mmedia)). We show that nanorod translational velocity is linearly proportional to angular velocity and that rods can be manipulated independently along the x-and y-axes of a sample substrate by simple changes in the configuration of the applied magnetic field.
Step-1
Step High resolution, variable speed, multidirectional control is compulsory for low Reynolds number swimming devices to be useful in microfluidic, biomedical and nano-scale assembly applications. We find that the translational velocity due to crawling varies directly with the angular velocity of the nanorod ( figure 3 ). This translational motion is in the direction of ω ×ẑ where z represents the vertical axis. This translational motion is unidirectional (for a given rotation direction of the drive magnet) and oriented orthogonal to the angle θ (plane p3) of the nanorod tilt relative to the substrate. Reversal of the magnetic field rotational direction consequently reverses the rotational direction of the Janus nanorods (clockwise or counterclockwise), allowing control over translational direction (+x or −x). Supporting information (video 2 (stacks.iop.org/JPhysD/44/125001/mmedia)) shows translational velocity varying with angular velocity, as well as directed translation in +x and −x. Additionally, by changing the orientation (and therefore the orthogonal direction) of the magnet we are able to induce translation in any arbitrary direction. In order to demonstrate this control of motion, we manipulate a single nanorod along the path of the letters 'u-n-c' (figure 4, supporting information video 4 (stacks.iop.org/JPhysD/44/125001/mmedia)).
Importantly, manipulation by this crawling mechanism makes it possible to control rod position and velocity in the lateral plane with a resolution of only a fraction of the rod length, as opposed to the walking mechanism, for which the translation resolution is limited to increments of rod length [44, 45] .
Microbead capture and manipulation
One intriguing potential application of nanorod translation is the ability to manipulate payloads in solution. To that end, we use Janus rods labelled on one side (the exposed Au surface) with 1,6-hexanedithiol to capture and translate a 1 µm metalcoated PS bead (see appendix). We load a sample chamber with both Janus nanorods and PS beads and controllably steer a chosen rod towards a PS bead suspended in solution near the surface (figure 5). Coarse rod manipulations are performed at translational velocities of ∼2-4 µm s −1 (∼20-40 rad s −1 ). Once near the PS bead the rod angular velocity is slowed (∼5-10 rad s −1 ) to allow for fine positioning of the rod. When contact is made between the thiol coated face of the rod and the bead ( figure 5(c) ), a covalent bond is formed between the AuPd surface layer of the PS bead and the exposed thiol groups on the Au segment of the Janus rod. Manipulation of chemically unmodified Janus rods into contact with AuPd-coated PS beads results in no observable binding interaction. After capture of a PS bead we observe no change in nanorod response to the rotating magnetic field, indicating that the presence of a bead payload does not perturb the translation mechanism measurably (supporting information video 5 (stacks.iop.org/JPhysD/44/125001/mmedia) shows bead approach, capture, and subsequent manipulation). As we discuss next, the cargo dimensions do play a role in the mechanism at work for cargo manipulation. However, the impact of cargo size on nanorod rotation is beyond the scope of the present research.
Single-cell manipulation
As a final, biologically relevant example of controllable manipulation, we also demonstrate directed single-cell translation using our magnetic Janus nanorods. Although this cell guidance mechanism does not rely specifically on Janus nanorod crawling, like nanorod crawling it allows for multidirectional translation of individual cells with spatial resolution (hundreds of nanometres) significantly smaller than the dimensions of the cell being manipulated (10-15 µm) . In general, a sphere rotating near but not in direct contact with a surface will translate in a plane parallel to that surface [47] [48] [49] . We use HBE-16 cells (see appendix) with diameters between 10 and 15 µm and couple our nanorods to them via nonspecific binding to membrane proteins. After cell-nanorod mixing in phosphate buffered saline (PBS) the solution is deposited into PDMS wells for magnetic manipulation. All manipulations are performed in PBS. During experimentation, cell-nanorod constructs settle near the surface with a variety of orientations. Optical microscopy indicates that HBE-16 cells in solution are indeed approximately spherical. We suggest that this sphere-spinning mechanism, as motivated by the field-aligning behaviour of the Janus nanorods, leads to controllable single-cell translational manipulation near the surface of the glass slide substrate. Indeed, in all cases rotation of the actuating permanent magnet results in cell rotation and subsequent translation. It is important to note that the resulting directed cell translation, like nanorod crawling, exhibits high resolution (less than the nanorod length) and controllability ( figure 6 ). As the efficacy of this method relies heavily on the magnetization M of the nanorod, rods with larger amounts of magnetic material are preferred for the manipulation of cell-sized payloads. For example, pure Ni rods would prove more effective at single-cell manipulation as the field-aligning behaviour of our Janus rods utilizes only a 50 nm thick hemispherical layer of magnetic material.
One advantage of Janus rods is their highly tunable and user-specific composition. While Ni is not well tolerated by cells, our technique for the fabrication of high-aspectratio magnetic Janus rods makes it possible to conceal the ferromagnetic Ni layer by integrating materials with decreased cytotoxicity. Ultimately, materials more suitable for long-term biocompatibility, such as hydroxyapatite [50] , may serve as candidates for Janus rod fabrication. We have demonstrated manoeuverability of magnetically actuable magnetic nanorod swimmers and demonstrated their ability to manipulate payloads with sizes of 1 µm and ∼10 µm. We now turn to modelling the operating propulsion mechanism for these nanorod crawlers.
Hydrodynamic model for nanorod crawling
In this study, symmetry is broken by a combination of nanorod tilt induced by an off-axis magnetic field and the boundary effect of the lower glass surface (floor). We see nanorods undergoing crawling translation near the floor of the sample chamber, where the no-slip boundary condition of the floor results in an enhanced drag coefficient. Since the drag coefficient is larger near the floor, the tilted rotation of the rod results in frictional asymmetry and thus a net translation. Here, we use resistive force theory [51] to explain this motion.
A ferromagnetic rod driven by a rotating magnetic field in a viscous fluid will rotate at the same angular velocity as the magnetic field as long as the angular velocity of the applied field, ω (rad s −1 ), is less than the critical velocity of the rodfluid system, ω c = ξ/γ , where ξ is the magnetic torque on the rod and γ is the drag coefficient of the rod [52] . For our system, ω c ≈ 10 4 rad s −1 , which is much greater than typical values of ω in this work (typically 2-50 rad s −1 ), and so we can assume that ω magnet = ω rod ≡ ω.
The net velocity of a segment of the rod a distance ρ from its centre can be described as the vector sum of its translational and rotational velocities (inset, figure 7(a) ). Decomposing this velocity ν into components both parallel and perpendicular to the long axis of the rotating rod, we find
where ω is the rod angular velocity, ν t is the rod translational velocity and t is time. We also assume that the angle between the plane of rotation and the horizontal, θ , is small, as determined by observation of apparent rod length during a rotation. The differential drag force on a segment of the rod a distance ρ from the center is then given by
where γ ⊥ and γ are the drag coefficients in the perpendicular and parallel directions, respectively. Due to symmetry considerations, there is no net translation in the y-and z-directions. In the x-direction, the net force is given by the sum of the x-components of dF ⊥ and dF as the rod rotates at constant angular velocity
In this model we make use of the drag coefficients given by Hunt et al [53] dF
where η is the viscosity of the fluid, r is the radius of the rod and h is the height of each element of the rod above the floor, which is a function of both ρ and t. The height of the rod as it rotates can be expressed by h(ρ, t) = h 0 + ρ sin θ cos(ωt), where h 0 is the height of the centre of the rod and θ is the angle by which the plane of rotation is tilted from the horizontal. Since the rod rotates in a low-Re fluid, inertial forces are negligible and the net force on the swimmer in the x-direction is zero at all times. Thus,
Integration yields an expression for the translational velocity of the rod as a function of time, ν t (t): where Shi(x) is the hyperbolic sine integral and
The average translational velocity can be determined by numerical integration over a quarter-period; however, since ν t (t) is very nearly sinusoidal, ν avg ∼ ν max /2 = ν t (0)/2 yields a good approximation. The average translational velocity is independent of viscosity, as expected for a low-Re swimmer, and increases linearly with angular velocity, as observed in our experiments.
Using experimentally determined values or value ranges for L, r, θ and h 0 we evaluate the translational velocity versus angular velocity data with respect to our model. L and r are experimentally determined to be 5.5±0.1 µm and 150±30 nm, respectively (SEM imaging). An average rod height of h 0 = 1.0 ± 0.2 µm is determined using a piezo stage (Mad City Labs, Madison, Wisconsin) to focus on rods in motion, then compare these heights with nearby rods adhered to the sample floor. We determine a range for θ by analysis of rod apparent length during each frame of a rod rotation, which yields an upper bound of θ max = 20
• . Using the specified L, r and h 0 values we evaluate ν t versus ω for θ = 5
• and 15
• . For θ = 5
• , ν t = 0.05ω and 0.26ω, respectively (solid lines shown in figure 3 ). Our rods move with ν t = 0.11ω, which is in agreement with the theoretical results shown in figure 3 . This crawling mechanism allows for continuous control over nanorod position, as fractions of a rotation can be used to achieve high resolution, incremental advances in position. If the notion of individual steps are applied to these Janus nanorod crawlers then a rotation of π radians would serve as a useful representation of a single step. Using this measure of a step we can attribute a step size of 350 nm/step to the crawling mechanism, as implemented by our Janus crawlers. Changing the rod length, radius, and, most significantly, angle with respect to the floor, allows for the step length to be tuned to meet a specific set of micromanipulation requirements.
Conclusion
We present the fabrication of ferromagnetic Janus nanorods and utilize these materials to perform complex manoeuvers, covalent payload capture, and subsequent payload manipulation. Additionally, we demonstrate that these nanorods, when attached to cells, are capable of rotating the cell and thereby producing directed single-cell translation. We model the propulsion mechanism using resistive force theory and show that a small tilt out of the plane of the floor is all that is required to produce hydrodynamic swimming. Future applications of these rods may make use of their combined Janus structuring and magnetic properties for applications such as in-solution magnetic separation.
Modified Eagle Medium/F12 (DMEM/F12) with 5% fetal bovine serum. HBE-16 cells are routinely passaged upon reaching confluence. In preparation for Janus nanorod manipulation, these cells are trypsinized, spun into a pellet and resuspended in DMEM/F12 at a concentration of about 2 million cells/ml. Cells are incubated with Janus nanorods under gentle vortex mixing for 1 h prior to magnetic manipulation. The manipulation experiments presented here make use of nonspecific cell-nanorod binding [54] , which mechanically couples the cell membrane to the rods. Although not all cell-nanorod interactions result in irreversible cell binding and particle adhesion, successfully bound nanorods remain intact for the duration of these cell manipulation experiments.
